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We investigated the structural, electronic, chemical bonding, and optical properties of
B-AgBiS, crystal by using the Perdew-Burke-Ernzerhof (PBE) functional and the hybrid
functional Heyd Scuseria Ernzerhof (HSE) within the DFT formalism. The electronic band
structures obtained by both methods indicate that B-AgBiS, is an indirect band gap
semiconductor with band gap of 0.571 and 1.025 eV, respectively. The electron density
difference and Mulliken overlap population show that the Ag-S bonds and Bi-S bonds are
both ionic bonds. The calculated optical absorption spectrum prove that B-AgBiS; is a

promising material for solar photovoltaic conversion.
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1. Introduction

Matildite (B-AgBiS,) possesses excellent physical properties and has great potential for
applications in different fields such as thermoelectrics, photocatalysis, and solar photovoltaics,
which has attracted great attention of many researchers. In recent years, a lot of experimental
explorations of B-AgBiS, have been carried out, and the researches involve the preparation of
materials and functional devices, as well as the related property characterization and performance
testing [1-7]. Compared to the large number of experimental explorations, there are not many
theoretical studies on B-AgBiS, crystals. We note in particular several interesting theoretical works:
Francesc Illas et al. have investigated the origin of photoactivity in AgBiS, by first-principles
calculations [8], Shugo Suzuki and Makoto Tsuyama studied the electronic and optical properties
of this material [9], Xiaotian Wang et al. have performed a systematic theoretical study of the
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structural, electronic and thermoelectric properties of f-AgBiS, compound Via the FP-APW-+lo
method [10]. However, these theoretical reports are not uniform in their views on the electronic
structure of B-AgBiS,, and they also lack the study of the chemical bonding properties and the
optical absorption spectrum of this material.

Based on the above, our work will further investigate the electronic band structure, density
of states, electronic density difference, chemical bonding and optical properties of the material. In
the following, we will describe the computational methods and discuss the results.

2. Computational methods

We used the CASTP code [11, 12] to calculate the structural, electronic, chemical bonding
and optical properties of B-AgBiS, crystal throughout the study. In the geometry optimization
process, the effects of exchange—correlation interaction are treated with the generalized gradient
approximation (GGA) of Perdrew-Burke-Ernzerh (PBE) [13]. the electron—ion interactions are
described by the Vanderbilt-type ultrasoft pseudopotentials (USP) [14], a plane-wave cutoff
energy of 330.00 eV in USP is employed, and a grid of 16x16x%3 k points generated according to
the Monkhorst—Pack scheme is adopt for the Brillouin-zone sampling. The convergence criteria in
the self-consistent iterative process: the total energy difference within 1.0 x 10°eV/atom, the
maximum Hellmann—Feynaman force within 0.01eV/A, the maximum stress within 0.02GPa and
the maximum atom displacement within 1.0 x 10™*A.

In the subsequent calculation of the electronic structure and optical properties of B-AgBiS,,
we used PBE and the hybrid functional (HSE06) [15], respectively. In calculating the optical
properties of this material using the PBE method, a grid of 32x32x6 k points is used to ensure the
reliability of the optical properties. During the calculation of electronic structure and optical
properties of this material using the hybrid function HSE06 method, the interaction of valence
electrons with ions cores is represented by the norm conserving pseudopotentials [16], a
plane-wave cutoff energy of 850.00 eV is employed.

3. Results and discussion

3.1. Structural optimization

As shown in Figure 1, P-AgBiS, crystal belongs to the P3-M1 group, which is a
hexagonally symmetric structure with experimental values of lattice constants a = 4.07 A, c=
19.06 A[17]. Here, a is the lattice constant in the x or y direction, ¢ is the lattice constant in the z
direction. The positions of the ions are expressed in (x, y, z) coordinates with a and ¢ constants as
units of length as follows,

Agions: (0, 0, 0), (0.3333, 0.6667, 0.672);

Bi ions: (0, 0, 0.5), (0.3333, 0.6667, 0.163);

S ions: (0, 0, 0.253), (0.3333, 0.6667, 0.926), (0.3333, 0.6667, 0.406).

In this work, we use the experimental results mentioned above as the initial values for the
geometry optimization. Considering the time cost and accuracy requirements of the calculations,
we adopt the GGA-PBE method to optimize the geometry of B-AgBiS, crystal. The calculated
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lattice constants, along with other reported theoretical and experimental data [8, 17-21] are all
listed in Table 1 for comparison. The calculated lattice constants a and ¢ are 4.019 and 18.968 A,
respectively, with 1.15%-1.25% and 0. 05%-0.4% deviation from the experimental values, a
favorable agreement by DFT standards. We will perform electronic properties and optical
absorption spectra calculations based on this geometrically optimized structure.

Table 1. Crystal lattice constant a(d), c(4), and the band gap E, (eV) of B-AgBiS, compared to

experimental and other theoretical values.

parameters This work Other theory Experiments
PBE HSE PBE HSE
a 4.019 4.0497% 4.02 118 4.066!"" 4.07""
c 18.968 19.109t* 19.05 18] 18.958"1 | 19.06!""!
E, 0.571 1.205 0.42% 0.463 "1 | 1,541 | .91 1.2 121

Fig. 1. Crystal structure of f-AgBiS; crystal.

3.2. Electronic properties

We calculated the electronic band structure of B-AgBiS, crystal by the PBE and HSE06
methods, respectively, and the related results are displayed in Figure 2, from which we can see that
the energy band structure diagrams obtained by the two different methods are very similar overall,
the valence band maximum is located between the G and K points, while the conduction band
minimum is located at the G point, B-AgBiS, crystal is an indirect band gap semiconductor, the
band gaps obtained by the two different methods are 0.571eV, 1.205eV, respectively. We can
noticed that the band gap obtained by the hybrid functional HSE06 method is very close to the
experimental value, while the band gap obtained using the GGA-PBE method is significantly
smaller than the experimental results, which is due to the fact that the PBE method ignores the
continuity of exchange-correlation energy [22].

Figure 3 shows the partial density of states and the total density of states of each atom of
B-AgBiS, crystal obtained by the generalized gradient approximation (GGA) and hybrid functional
HSEO06, respectively. As can be seen from the two pictures, the results obtained by the two
methods are very similar. The more obvious difference is the larger gap width at energy 0 eV in



582

the total density of states diagram obtained with the hybrid functional HSEO06 method. It can be
found that, for B-AgBiS,, the PBE results show the 4d states of cation Ag is highly located, the
hybrid functional HSE06 results indicate the degree of localization of 4d states of cation Ag and
3p states of anion S is decreased. The electron activity is strongest near the Fermi energy level.
The electronic density of states distribution shows that the upper valence band is mainly composed
of 4d states of cation Ag, 6s states and 6p states of cation Bi, and 3s states of anion S, and the
lower conduction band is derived mostly from 4p states and 5s states of cation Ag, 6p states of

cation Bi, along with 3p states of anion S.

Energy (eV)
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Fig. 2. Band structure of p-AgBiS; crystal.
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The charge density difference diagram presents the gain and loss of electrons when each
atom is bound, Figure 4 shows the charge density difference diagram of the (110) crystal plane of
B-AgBiS, obtained by the hybrid functional HSE06 method, where blue represents the loss of
electrons, yellow represents no change, and red represents gain of electrons. It can be found that

Energy (eV)

Energy (eV)

Fig. 3. Total and partial state density of f-AgBiS, crystal
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both silver and bismuth atoms lost some electrons, while sulfur atoms gained electrons, and in
comparison, bismuth atoms lost electrons more severely than silver atoms.

To get more insight into the nature of chemical bonding in B-AgBiS, crystal, we calculated
the Mulliken charge and bond overlap population using the hybrid functional HSE06 method, and
the results are listed in Table 2, it can be found that the bismuth element loses 0.91 e, and the
silver element loses 0.24 e, while the sulfur element gained about 0.57 e, all three elements are in
ionic state. It can be seen that the overlap population of Ag-S bonds and Bi-S bonds is 0.38 and

0.47, respectively, indicating that both chemical bonds are bonding states and have strong ionic
bonding properties.
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Fig. 4. The calculated electron density difference of -AgBiS, crystal.

Table 2. Mulliken charge (e), bond population (e) and bond lengths of AgBiS, (HSE00).

species s p d Total Charge(e)
S 1.88 4.69 0 6.57 -0.57
Ag 2.41 6.39 9.96 18.76 0.24
Bi 2.03 2.07 10 14.09 0.91
Bonds population Bond length (A)
S-Ag 0.38 2.78499
S-Bi 0.47 2.82514

3.3. Optical properties

Based on the electronic structure, the optical properties may be obtained from the

knowledge of the complex dielectric function £() = & (@) +ig, (@) . In this work, for solar

photovoltaic applications, the optical absorption spectrum of B-AgBiS, crystal in polycrystalline
state is calculated by the PBE and HSE06 methods, respectively. It should be point out that when
the PBE method used, we adopted the scissor operator to translate the entire conduction band
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upward so that the band gap is consistent with the experimental value of 1.2 eV, which is very
close to the band gap of 1.205 eV obtained by the HSE06 methods.

Fig. 5 illustrates the absorption spectrum of B-AgBiS, crystal, and it can be seen from
the figure that the profiles of the light absorption curves obtained by the two methods are very
consistent, as can be seen in Fig. 5a in the energy range of photon energies greater than 1.2 eV up
to 4 eV, the light absorption coefficient of the material increases rapidly and the scale of the
absorption coefficient reaches 10° cm™, as can be seen in Fig. 5b. in the short wavelength region of
visible light, the light absorption coefficient of the material is maintained above 10° cm™. In the
long wavelength band of visible light, the light absorption coefficient slowly decreases to a scale
of 10* cm™, the same order of magnitude as that of the silicon material [23].
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Fig. 5. Absorption spectrum of -AgBiS, crystal.

4. Conclusions

In the current work, we have investigated the electronic band structure, density of states,
chemical bonding, and optical absorption properties of B-AgBiS, crystal using the first principle
calculations, and found that -AgBiS; is an indirect band gap semiconductor, the band gap get by
the GGA-PBE method is 0.571 eV, while the band gap obtained with the hybrid functional HSE06
method is 1.205 eV, which is very close to the experimental results.

The material electron difference density map and Mulliken overlap population show that
the Ag-S bonds and Bi-S bonds are both ionic bonds. The calculated optical absorption
coefficients of B-AgBiS, in the range of visible light reached 10° cm™, which prove that p-AgBiS,
is a promising material for solar photovoltaic conversion.
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